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Free radicalsWe present a study on whether and to what extent subcellular localization may compete favorably with
photosensitization efﬁciency with respect to the overall efﬁciency of photoinduced cell death. We have
compared the efﬁciency with which two cationic photosensitizers, namely methylene blue (MB) and crystal
violet (CV), induce the photoinduced death of human cervical adenocarcinoma (HeLa) cells. Whereas MB is
well known to generate singlet oxygen and related triplet excited species with high quantum yields in a
variety of biological and chemical environments (i.e., acting as a typical type II photosensitizer), the highly
mitochondria-speciﬁc CV produces triplet species and singlet oxygen with low yields, acting mostly via the
classical type I mechanism (e.g., via free radicals). The ﬁndings described here indicate that the presumably
more phototoxic type II photosensitizer (MB) does not lead to higher degrees of cell death compared to the
type I (CV) photosensitizer. In fact, CV kills cells with the same efﬁciency as MB, generating at least 10 times
fewer photoinduced reactive species. Therefore, subcellular localization is indeed more important than
photochemical reactivity in terms of overall cell killing, with mitochondrial localization representing a highly
desirable property for the development of more speciﬁc/efﬁcient photosensitizers for photodynamic therapy
applications.ul, Brazil.
vier OA license.© 2011 Elsevier Inc.Open access under the Elsevier OA license.The interaction of light with living organisms can lead to the
formation of several reactive oxygen and nitrogen species (ROS and
RNS, respectively). Photochemical mechanisms may involve direct
photochemical reactions of the excited species (ionization, dimeriza-
tion, etc.) or reactions driven by photosensitizationmechanisms, which
are the main mechanisms occurring during irradiation with UVA and
visible light. When the rate of ROS and RNS production surpasses their
respective rates of suppression, a redox imbalance is established, and
such an imbalance is often implicated in a series of physiological and
pathological conditions, including cancer, aging, skin photoaging, and a
variety of degenerative processes [1]. On the other hand, photoinduced
redox imbalances can also be artiﬁcially and intentionally induced as a
strategy to attack and destroy targeted cells and/or tissues. Such a
strategy, known as photodynamic therapy (PDT), has been successfully
used to treat several diseases [2–7]. PDT requires the selective
incorporation of a photoactivated drug, i.e., a photosensitizer, into the
targeted cells/tissues, followed by the subsequent exposure of the target
region to light of appropriate wavelengths. The combined action of the
photosensitizer and light generates the cytotoxic species that ultimately
lead to cell death [2–7].The photochemical mechanisms associated with cell death have
been classically described by two categories of photosensitized
oxidations [8]. The ﬁrst category (type I mechanism) takes into account
several one-electron redox processes (electron or electron coupled to
H+ or direct hydrogen atom transfers) between the electronically
excited triplet photosensitizer and a cellular target such as membrane
unsaturated lipids, proteins, DNA, or even dissolved molecular oxygen.
The radicals formed in this initial step will have unpaired electrons
centered in carbon, oxygen, sulfur, or nitrogen atoms (structural details
will vary depending on the photosensitizer/substrate pair) [1]. Usually,
but not always, triplets get reduced, generating anion (or semireduced)
radicals, and photosensitizers get oxidized, forming cation (or semiox-
idized) radicals. Molecular oxygen quickly reacts with anion or
semireduced radicals, forming anion radical superoxide, replacing the
ground-state photosensitizer. Oxygen can also add to several radicals,
forming, for example, peroxyl radicals with carbon-centered radicals
(several other reactions are possible but it is out of the scope of this
article to discuss them) [1]. The dark reactions, which occur subsequent
to these initial steps, can involve further reactions of radicals with other
substrates (oxygen, hydrogen peroxide, redox-active transition metals,
nitrogen oxide, redox-active sites of biomolecules), causing intracellular
production of a large variety of radicals and cytotoxic ROS and RNS,
including hydroxyl radicals, which are considered to be the most
reactive ROS, capable of abstracting hydrogen atoms from methylene
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the triplet photosensitizer can be transferred to molecular oxygen
and lead to the intracellular production of singlet oxygen (type II
mechanism) [8]. Because both free radicals and singlet oxygen can be
highly cytotoxic species, both type I and II mechanisms can induce the
destruction of biological targets [2–9].
Any electronically excited species can engage in bothmechanisms of
photosensitization, with the competition between these reaction
pathways being primarily modulated by the properties (and concen-
trations) of distinct substrates available in the reactionmedium, as well
as by the triplet energy level and triplet oxidation–reduction potentials
associated with the photosensitizer [8–10]. Type II photosensitizers are
thought to be more efﬁcient photosensitizers for PDT applications than
their respective type I counterparts [2–7]. This last premise has its
origins in the observation that the production of free radicals through
the type I mechanism can lead to the destruction of the photosensitizer,
although radicals derived from the photosensitizer may be restored to
the photodynamic agent by reacting with molecular oxygen (see
above). Conversely, energy transfer (type II) events are more likely to
preserve the photocatalyst. Nonetheless, the evaluation of the potential
of photosensitizers for PDT applications can be misleading when based
solely on photochemical/photophysical (test tube) properties [9–13]. In
addition, it is not always easy to anticipate the competition between
type I and type IImechanisms in complex biological environments [5,9–
11].
When one compares the cell-killing efﬁciency of photosensitizers
that have similar photophysics in isotropic solutions, other properties
emerge as being directly correlated with efﬁciency. Low tendency to
aggregate, lowphotobleaching susceptibility, and amphiphilic character
have been shown to correlate well with the efﬁciency of a photosen-
sitizer to induce cell death [10–13]. However, quantitative studies that
have been published until now indicate that the efﬁciency of cell killing
is always proportional to the amount of reactive species generated
inside the biological target [9–13]. That is to say that photosensitizers
that have, for example, low tendency to aggregate or low photobleach-
ing efﬁciency will produce more reactive species in the targeted
biological specimen (cell or tissue) and end up being more efﬁcient
photosensitizers. Therefore, the search for better photosensitizers is still
primarily based on ﬁnding efﬁcient ROS generators, mainly singlet
oxygen generators.
Several reports have shown that the intracellular localization of a
photosensitizer is also extremely important to deﬁne the mechanism
and efﬁciency of photoinduced cell death [14–17]. Charge, amphiphi-
licity, and partition coefﬁcients are important parameters of the
photosensitizer structure that affect its main site of intracellular
localization and consequently its efﬁciency and mechanism of cell
death [9,13–19]. However, no one has quantitatively compared the
relative weights of these two parameters, i.e., the amount of reactive
species generated by a photosensitizer and its subcellular localization,
in terms of optimizing the efﬁciency of photoinduced cell death.Scheme 1. Molecular structures of (A) crIn this studywe comparedquantitatively howsubcellular localization
competeswith photosensitization yields in terms of the overall efﬁciency
with which cationic photosensitizers may induce the photodynamic
death of tumor cells. To this end, we have compared the phototoxic
properties of crystal violet (CV) and methylene blue (MB) (Scheme 1)
toward a line of human cervical adenocarcinoma cells (HeLa). CV has
been previously found to localize in energized cell mitochondria with a
high degree of speciﬁcity [16,18], whereas previous reports on the
subcellular localization of MB have suggested that this photosensitizer
may accrue primarily in lysosomes [20,21]. In terms of their photochem-
ical properties, CV is knowntohave anefﬁcientnonradiative deactivation
routeproducing triplet specieswith lowyield (usuallymuchsmaller than
1%) and acting primarily through an electron-transfer (type I) mecha-
nism, which causes its bleaching [16,22–25]. MB is largely recognized as
an efﬁcient singlet oxygen generator (i.e., as a type II photosensitizer)
[6,7,20,21,26–28].Nevertheless, bothhavebeen reported toperformwell
in various PDT protocols [4,6,7,16–18,20–28]. By unraveling the
quantitative aspects of the mechanism of action of these dyes in the
intracellular environment, we hope to establish concepts that could help
in the development of more efﬁcient photosensitizers, as well as in
the development of more efﬁcient strategies to protect cells from
photodamage.
Materials and methods
Reagents and cell culture media
CV (Fluka, Milwaukee, WI, USA) and MB (Synth, Diadema, Brazil)
(Scheme 1) were recrystallized from methanol (Synth). Water was
distilled, deonized, and ﬁltered before use using the Milli-Q system
(resistivity 18 MΩ cm; Millipore, Barueri, Brazil). Phosphate buffer,
trypsin (BioWhittaker, Walkersville, MD, USA), and Dulbecco's modiﬁed
Eagle's medium (DMEM; Cultlab, Campinas, Brazil) supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin (BioWhit-
taker)were used in the cell culture studies. 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide (MTT), trypan blue, 2′,7′-dichlorodihy-
droﬂuorescein diacetate (DCFH-DA), rhodamine 123 (R123), and SDS
were acquired fromAldrich (Milwaukee,WI, USA). LysoTracker, H33342,
and Bodipy TR-C were acquired from Molecular Probes (Eugene, OR,
USA).
Instruments and methods
Absorbance spectra were measured using a Shimadzu UV-2401PC
spectrophotometer (Tokyo, Japan) or a USB2000 spectrophotometer
(Ocean Optics, Dunedin, FL, USA). Fluorescence emission measure-
ments were performed on a Spex FLUOROG spectroﬂuorimeter. Near-
infrared (NIR) emission measurements were performed using a NIR
spectroﬂuorimeter system [19,29,30]. In this system, photosensitizer
excitation was carried out using a Nd:YAG Continuum Surrelite IIIystal violet and (B) methylene blue.
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the samples was ﬁrst ﬁltered through a silicon cutoff ﬁlter and
subsequently wavelength-resolved with the use of a monochromator
Model M300 from Edinburgh Instruments (Livingston, UK). The
detection of the emitted NIR light was performed with the use of a
NIR-sensitive photomultiplier Model R5509 from Hamamatsu Pho-
tonics (Bridgewater, NJ, USA) with low dark noise (smaller than 500
cps), connected to a personal computer via a 300-MHz acquisition
MSA board (Becker & Hickl GmbH, Berlin, Germany) [19,30].
Microscopy experiments were carried out on an invertedmicroscope
Model Eclipse TE 2000-U from Nikon (Kyoto, Japan), equipped with
an epiﬂuorescence module Model TE 2000 T-Fl (Nikon) and a back-
illuminated CCD camera Model Cascade 512B from Photometrics
(Tucson, AZ, USA). Imaging acquisition and analysis were carried out
with the use of a software package (MetaMorph) fromUniversal Imaging
Corp. (Downingtown, PA, USA). All imaging experiments described in
this report were performed using an oil-immersion objectiveModel Plan
Apo (60×, NA 1.4) from Zeiss (Gottingen, Germany). Appropriate sets of
longpass dichroic and bandpass ﬁlters (Chroma, Rockingham, VT, USA)
were used for the detection of distinct ﬂuorescent probes (see Table 1).
Flow cytometry experiments were performed on a Beckman Coulter
Model Cytomics FC 500 MPL. The excitation of tissue cultures was
performedusingeither the650-nm line of a 100-mWInovadiode laser or
the 532-nm line of a Morgotron 20-mW Nd:YAG laser.
Cell cultures
The human cervical adenocarcinoma cell line HeLa (ATCC CCL-2)
was obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA) and cultured at 37 °C in a humidiﬁed atmosphere
of 5% CO2 in air. These cells were grown in DMEM supplemented with
10% fetal bovine serum and 1%penicillin and streptomycin, harvested in
exponential growth phase, and subcultured for 18 h before being
subjected to experimental analysis. The respective tissue cultures were
then washed with phosphate-buffered saline (PBS) and subsequently
incubated for 3 h in the presenceof PBS solutions of the photosensitizers
and/or ﬂuorescence probes of interest. Under our experimental con-
ditions, an incubation period of 3 h was found to be appropriate for
maximum photosensitizer uptake by HeLa cells.
Investigations dealing with the characterization of the subcellular
localization of CV and MB in HeLa cells were performed using tissue
cultures grown on observation dishes with a 0.17-cm glass coverslide
bottom (WPI, Sarasota, FL, USA). In these experiments, the photosen-
sitizer (PS) subcellular localization was evaluated on the basis of the
magnitude (percentile) of theoverlap integral between theﬂuorescence
emission arising from both the PS and the distinct organelle-speciﬁc
probe. Rhodamine 123 was used as a mitochondria-speciﬁc ﬂuorescent
probe [31], LysoTracker as a lysosome-speciﬁc probe, H33342 as a
nucleus-speciﬁc probe, and Bodipy TR-C as a Golgi apparatus-speciﬁc
probe [32].
Cell survival experiments were carried out using both the trypan
blue (TrB) dye exclusion assay [33] and theMTT cell viability assay [34].
For the TrB assay, aliquots of cell suspensions harvested from the
respective tissue cultures via brief treatment with trypsin/EDTA were
exposed to 10% (by volume) of a TrB solution (0.4%) and subsequentlyTable 1
Photosensitizers, dyes, ﬁlters (with their respective wavelengths of excitation and
emission), and colors presented in the images.
Photosensitizer and dye Filter (λex–λem) Color in the images
CV, MB 590–685 Red
R123 490–528 Green
H33342 403–457, 360–457 Blue
LysoTracker 403–457 Blue
Bodipy 555–617 Orangecounted using a standard hemacytometer. For MTT assays, tissue
cultureswere exposed (afterwashingwith PBS) to a 1.5 mg/ml solution
of MTT and then allowed to react for 3 h. The supernatant was sub-
sequently removed, dimethyl sulfoxide (DMSO)was added to solubilize
the formazan crystals, and ﬁnally the absorption spectra of the
respective DMSO solutions were used to evaluate cell viability as
previously described [34]. The reliability of theMTT resultswas checked
by performing cell survival experiments inwhich the growth curvewas
determined. MTT calculation of survival percentage provided the same
results as were obtained with counting dead cells in the growth curve.
All tissue culture data described in this report represent the means and
respective standard deviations generated by experiments carried out in
triplicate.
Phototoxicity assays were carried out using either the 665-nm line
of the Inova laser (MB samples) or the 532-nm line of the ND:YAG
laser (CV samples) as light source. Regardless of the light source, the
total light doses impinged upon the distinct tissue cultures were kept
constant and at the level of ~1.7 J/cm2, as measured using a power
meter Model PowerMax 500A from Molectron. Control experiments
(cells not exposed to the photosensitizers, but washed and exposed to
PBS as otherwise) indicated that no signiﬁcant loss in cell viability was
observed in the absence of the photosensitizer under investigation
(control survival fraction ~98%). After irradiation in the presence and
absence of photosensitizer, fresh culture medium was added to each
sample and cells were kept in the humidiﬁed 5% CO2 atmosphere at
37 °C for 24 h. Cells were then removed and counted with trypan blue
or treated for the MTT assay.
We also evaluated how the relative number of photons absorbed
by distinct cell/photosensitizer systems may affect the observed end-
point of our assays (i.e., the relative magnitude of cell kill). To this
end, we compared how the number of photons absorbed by distinct
specimens (i.e., 1–10−A,where A represents the predicted absorbance
of the photosensitizer in the subcellular milieu) affects cell survival
upon light exposure. Relative values of A were calculated on the basis
of values of extinction coefﬁcients for CV (532 nm is 5.9×104 cm−1
mol−1 L at 532 nm [24]) and MB (8.2×104 cm−1 mol−1 L at 665 nm
[35]) measured in water/ethanol solutions and considering that the
magnitude of light absorption by these dyes inside the cells is directly
proportional to their respective total analytical concentrations in the
intracellular milieu. The total analytical concentrations of these dyes
inside HeLa cells were evaluated via extraction of tissue cultures
with 1 ml of 50 mM solution of SDS followed by subsequent visible
spectroscopic analysis of the respective extracts [36]. The absorption
factors (AF) represented by 1–10−A, as calculated for distinct
specimens, were then used to evaluate the relative PDT efﬁciencies
of CV and MB toward HeLa cells. The respective PDT efﬁciencies, ηΔ,
were calculated as described in Eq. (1),
ηPDT = Δlight−Δdark
 
= AF ð1Þ
where Δlight represents the magnitude of cell death observed upon
irradiation of the specimen and Δdark the magnitude of cell death
observedwhen the specimen is protected from light exposure (that is,
the respective dark toxicity associated with the PS under that speciﬁc
experimental condition).
Differences in the ηΔ with which singlet oxygen was generated in
distinct samples/specimens containing either MB or CV were estimated
through the comparison of the respective singlet oxygen emission
spectra acquired under identical experimental/laser irradiation condi-
tions. Standard solutions of MB and respective cell suspensions contain-
ing the photosensitizers were prepared in D2O to have the same
absorption factors at 532 nm(AF=0.37; cell suspensionvalues corrected
for the light scattering that increases the baseline signal of these samples
compared to the standard MB solutions). The ηΔ values were calculated
via comparison of the 1270-nm emission intensities arising from the cell
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(Eq. (2)):
ηΔ = Esample = Estandard
 
ϕΔð Þstandard τsample = τstandard
 
: ð2Þ
The value of 0.52 for MB singlet oxygen quantum yield (ϕΔ) was
used in these calculations (a good representative value as previously
obtained in several distinct media [36,37]), along with emission
lifetimes obtained in time-resolved experiments [29,38,39].
The total amount of ROS produced in distinct cell samples was
estimated with the assistance of the DCFH-DA assay [40–45]. The
intracellular reactions of DCFH with a variety of ROS, including 1O2,
•OH, and alkoxyl and peroxyl radicals, produce the highly ﬂuorescent
dichloroﬂuorescein (DCF), and these reactions provide for the
estimation of ROS in live specimens [40–42]. This measurement is
not speciﬁc to these species, because several other molecules can
oxidize DCFH, including other radical species such as thiyl radicals,
nitrogen dioxide, and peroxynitrite and redox-active proteins such as
cytochrome c[43–45]. The contribution of any oxidation of DCFH in
the intracellular environment that does not have its origins in the
photosensitization processes has been evaluated and found to be
always small compared to the amounts produced via photosensitiza-
tion. Note that one of the potential interferences of the DCFH assay,
that is, the respective photoinduced self-reactions, is not in effect in
our system because cells are irradiated in the red, a region in which
DCFH does not absorb light. DCFH-DA is efﬁciently taken up by live,C
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Fig. 1. (A, B) Effects of photosensitizer concentration on the toxic (dark) and phototoxic pro
phototoxicity data represent the magnitude of cell kill observed upon exposure of photosen
cm−2 of 665-nm irradiation (MB) (see Materials andmethods). (C) Magnitude of photosensi
is represented by the percentage of the PS molecules initially present in the incubation med
efﬁciencies of cell kill by CV and MB as a function of photosensitizer concentration (data norm
and methods). In all cases, tissue cultures containing 1×106 cells ml−1 were incubated forviable cells and rapidly hydrolyzed in the intracellular milieu (via
enzymatic reactions) to the respective anionic and nonﬂuorescent
DCFH. Cell samples were ﬁrst incubated for 1 h in the presence of a
20 μM solution of DCFH-DA, then washed, and subsequently irradi-
ated as described above. Cell samples not exposed to dye or light
served as controls for these experiments. After irradiation, cell
samples of interest were harvested (trypsin/EDTA), centrifuged at
2000 g for 3 min, and washed with PBS. DCF ﬂuorescence emission
arising from each individual cell in the ﬁnal PBS suspensions was then
characterized by FACS [42]. The relative amounts of ROS generated in
cell samples exposed to either MB or CV were ﬁnally evaluated on the
basis of the areas of the respective FACS histogram curves.Results and discussion
Toxic and phototoxic properties of CV and MB toward HeLa cells
Fig. 1 shows the effect of photosensitizer concentration on the
toxic (dark) and phototoxic properties of CV and MB toward HeLa
cells. The effect of PS concentration on dark toxicity was signiﬁcantly
more pronounced in the case of CV than for MB (compare Figs. 1A
and B). The more pronounced dark toxicity associated with CV was
observed even at higher concentration regimens, conditions under
which the respective tissue cultures were loaded with comparable
amounts of either photosensitizer (Fig. 1C). Accordingly, IC50 values in
the dark of 60 and 140 μMwere obtained for CV and MB, respectively.D
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Fig. 2. Characterization of singlet oxygen generation in HeLa cells. (A) (Bottom curve)
Emission spectrum from HeLa cells exposed to neither MB nor azide (control). (Center
curve) Emission from cells exposed simultaneously to 20 μMMB and 1 mM sodium
azide. (Top curve) Emission from cells exposed to 20 μMMB in the absence of azide. Left
inset: emission spectra from PS-free HeLa cells (lower dotted curve) and from cells
exposed to 20 μM CV (upper curve). Right inset: relative values of singlet oxygen
emission as a function of MB concentration in the cell incubation medium. The medium
was always removed and cells were washed before singlet oxygen measurements. (B)
Relative intensities of singlet oxygen emission from 20 μMMB in solution (D2O) and in
HeLa cells, both in the presence and in the absence of ascorbate (100 μM). (C) Emission
decay (1270 nm) from HeLa cells exposed to 20 μM solution of CV (lower curve) or MB
(upper curve). λex=532 nm, 5 mJ/pulse, 10 pulses/s. Incubation conditions as
described in the legend of Fig. 1.
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remarkably upon exposure of the respective photosensitizer-loaded
tissue cultures to visible light, with the largest differentials between
dark and phototoxic effects observed at low concentrations (i.e.,
20 μM and lower). Therefore, the comparison of the phototoxic
properties of CV and MB toward HeLa cells can be more properly
carried out using low-concentration regimens. Under such conditions
the interference of the respective dark toxicities is minimized.
Interestingly, the magnitudes of photoinduced cell kill observed for
both photosensitizers in low-concentration regimens are not sub-
stantially different from each other. Although CV seems to be slightly
more phototoxic than MB at concentrations below ca. 10 μM, at this
concentration range the HeLa cells were also loaded with larger
amounts of CV compared to MB (Fig. 1C).
In an attempt to better compare the relative efﬁciencies with
which CV and MB induce the photodynamic destruction of HeLa cells,
we quantiﬁed the number of photons effectively absorbed by each
distinct photosensitizer in the intracellular milieu. Relative values of
photodynamic efﬁciencies (ηPDT) were calculated on the basis of the
observed magnitude of photoinduced cell kill and the calculated
number of photons absorbed by the photosensitizer (see Materials
and methods). The calculated values of ηPDT suggest that, at least
under low-concentration regimens, the efﬁciency with which CV
induces the photodynamic destruction of HeLa cells is signiﬁcantly
higher than that associated with MB (Fig. 1D), specially at 1 μM (see
further discussion considering the reduction of MB in the intracellular
environment).
Note also that at 20 μM, CV and MB have similar ηPDT values. This
observation represents an interesting ﬁnding. CV has been previously
identiﬁed as a photosensitizer whose mechanism of cell death occurs
primarily through photosensitization by the type I pathway [15,22–25].
It is also known tohave a lowphotoinduced efﬁciency of ROSgeneration
in isotropic solutions and to undergo extensive destruction during its
photocatalytic type I cycle [16,24,46], whereas MB is widely recognized
as a highly efﬁcient type II photosensitizer [20,21,26–28]. Therefore,
considerations based solely on the efﬁciency of photosensitization
suggest thatMB should be a signiﬁcantlymore effective photosensitizer
than CV. A reasonable explanation for our ﬁndings would require CV to
act uponmore sensitive intracellular targets thanMB.However, it is also
possible that the cellular environment induces CV to generate larger
amounts of ROS species than expected based on its photophysics in
isotropic solution, and therefore it is necessary to estimate the amount
of ROS generated in the cellular microenvironments.
Singlet oxygen and total ROS generation by CV and MB in HeLa cells
We investigated the relative efﬁciencies with which CV and MB
photosensitizers produce singlet oxygen and other ROS in the
intracellular milieu of HeLa cells. To this end, we ﬁrst compared the
intensities of the NIR singlet oxygen emission (centered at 1270 nm)
arising from cells loadedwith the same amount of each photosensitizer
(20 μM) and having similar ηPDT (Fig. 1D). Fig. 2A shows the emission
spectra observed upon irradiation of cells incubated with MB in the
absence and in the presence of azide (1 mM). In these experiments the
cells were ﬁrst incubated in the presence of MB or MB plus azide, then
washed with PBS, and ﬁnally exposed to light in pure PBS (i.e., in
medium free of PS and azide). The appearance of the characteristic
1270-nm emission peak, whose intensity increases with the increase in
photosensitizer concentration (Fig. 2A, right inset), along with the
observation that suchemission is efﬁciently suppressedby sodiumazide
(a singlet oxygen quencher that crosses biological membranes [47]),
conﬁrms the generation of singlet oxygen in cells exposed to MB. Cells
incubated in the presence of CV also show a small but reproducible
emission in the 1270 nm region (Fig. 2A, left inset), indicating that the
photodynamic action of CV in the intracellular milieu also leads to the
production of 1O2, although in much lower amounts than those
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spectra under the condition that both photosensitizers absorb the same
amount of photons (AF=0.37), we observed that cells treatedwith MB
emit around 50 timesmore NIR photons than cells treatedwith CV. This
observation is in keeping with former inferences on the predominantly
type I nature of the photodynamic properties of CV.
Although in the experiments described in Fig. 2A the cells were
irradiated after a wash and in pure PBS, we thought that it would be
appropriate to further investigate whether the observed singlet oxygen
emissions might actually come from photosensitizers found free in
solution, that is, from a fraction of photosensitizer that might have
leaked from the cells during our experimental procedure/tissue culture
manipulation or, yet, be originally loosely associated with the external
region of the cell membrane and subsequently released within the time
frameof our spectroscopic analysis. To this end,we carriedout a series of
experiments using ascorbate to remove any residual PS possibly found
outside the cells during irradiation. The reaction of ascorbate with
ground-state MB is fast [48] and leads to the formation of the reduced
form of the photosensitizer (leuko-MB). Leuko-MB (colorless) does not
absorb light in the wavelength of excitation used in these experiments.
In addition, ascorbate has also been previously described to act as an
efﬁcient quencher of triplet MB [49]. Fig. 2B shows relative values of
emission intensity at 1270 nmarising from isotropic solutions ofMB (in
D2O) in both the absence and the presence of ascorbate, as well as from
MB-loaded tissue cultures of HeLa cells in the absence and in the
presence of ascorbate. In isotropic medium, the presence of ascorbate
leads tovirtually total suppressionof singlet oxygenemission.No singlet
oxygen suppression effects were observed in tissue cultures. The results
shown in Fig. 2B representdirect evidence that the 1O2 emissions arising
from tissue cultures indeed originate from intracellular domains.
Ascorbate also efﬁciently reduces CV to its respective colorless leuko-A 
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Fig. 3. ROSgenerationvsmagnitude of cell kill. (A)Control data showingemission arising fromti
incubated in the presence of CV and MB, respectively, before DCFH-DA incubation. Irradiati
(D)Amountof cell death fromFig. 1, DCFﬂuorescence (obtainedby the integrationof thehistogr
Fig. 2. [CV]=[MB]=20 μM.derivative [50] and, accordingly, a lack of ascorbate effect on the 1O2
emission arising fromCV-loaded tissue cultureswas also observed (data
not shown).
In addition, singlet oxygen lifetime measurements have suggested
that the environments experienced byMB and CV within HeLa cells are
signiﬁcantly different. This premise is based on the fact thatwhereas the
lifetime associated with the singlet oxygen emission arising from CV-
loaded cells was found to fall in the 5 μs range, the respective lifetime
measured from MB-loaded cell was found to fall instead in the 33 μs
range (both determinations carried out in PBS solutions prepared in
D2O; see Fig. 2C). Both singlet oxygen lifetimes are signiﬁcantly shorter
than the respective lifetime measured in isotropic (cell-free) D2O
solutions (~55 μs, using MB as photosensitizer). The differences in
lifetimes observed between the CV- and the MB-loaded cells suggest,
therefore, that these photosensitizers localize in distinct subcellular
environmentswithin the cell and thus showdifferent abilities to interact
with andquench (or reactwith) singlet oxygen. These conclusions are in
agreement with other work that reported speciﬁc intracellular
localization of photogenerated singlet oxygen [51–53]. It has also been
shown that cells incubated with various photosensitizers in D2O
presented singlet oxygen lifetimes smaller than that expected in pure
D2O [52,53] and that singlet oxygen lifetimes varied as a function of
incubation time from 18 (2 h) to 4 μs (24 h) [53]. This change in singlet
oxygen lifetime was attributed to the relocalization of the photosensi-
tizer as a function of incubation time [53].
By quantifying the integrated NIR light emission under standard
conditions (see Materials and methods) and the lifetime of singlet
oxygen in cells treated with MB and CV and using Eq. (2), we were able
to calculate the respective values of ηΔ of CV and MB in the cellular
environment. In the case ofMB, thevalue ofηΔwas calculated to be 0.39,
which is lower than that observed in isotropic solutions (0.52), but large 
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amsshown in (B) and (C), seeMaterials andmethods), and singlet oxygengeneration from
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photo-killing efﬁciency of MB. The value of ηΔ in cells treatedwith CV is
extremely low (0.02) and compatible with the photochemistry of CV
being primarily based on a type I mechanism [24,25].
The relative redox states in HeLa cells loaded with comparable
amounts of CV or MB (i.e., 20 μM in the incubation medium) were
evaluated with the assistance of DCFH-DA, which was used as an
indicator of intracellular “total oxidative power” [40,41]. The observed
increase inﬂuorescence arises from the oxidized formof the intracellular
DCFH (i.e., DCF) as a function of the irradiation time [40–45]. There is an
increase in the amount of DCF ﬂuorescence per cell (x axis of Figs. 3A, B,
and C) going from 100 to 101 in the control to 101 to 102 in cells treated
with CV plus irradiation and 101 to 103 in cells treated with MB plus
irradiation. Note that the oxidation of DCFH related with dark reactions
(control) is small compared with the oxidation observed in the cases of
cells treated with CV and MB. Therefore, not only is 1O2 produced in
larger amounts in cells incubated with MB compared to CV, but also the
total ROS/peroxides content is larger. The ﬂuorescence generated byMB
is about 13 times larger than that observed in cells treated with CV
(Fig. 3D) as estimated by integrating the histograms of Figs. 3B and C.
Under a condition inwhich cell killing efﬁciency is similar for CV and
MB(Fig. 1Danddata replotted inFig. 3D), cells treatedwithMBgenerate
much more redox imbalance than cells treated with CV (Fig. 3D). In
other words, the smaller amounts of photoinduced reactive species
generated by CV seem to be more toxic than those produced by MB.CV
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Fig. 4. Fluorescence microscopy analysis of the subcellular localization of CV in HeLa cel
rhodamine 123 and CV (both in 100 nM concentrations). From the top, ﬂuorescence arising f
previous two images. In the merge, yellow represents the subcellular regions in which the
probe; center, CV; bottom, merge of the two previous images) were also carried out using st
(C) Golgi (Bodipy TR-C5), [CV]=500 nM, [BodipyTR-C5]=500 nM; and (D) nucleus (H333Therefore, the hypothesis that we have to test is whether there are
signiﬁcant differences in cell localization that can explain why a type I
photosensitizer (CV) with modest photosensitization properties can
induce the death of HeLa cells with efﬁciency comparable to (or even
higher than) that of a classical type II photosensitizer (MB).
Fluorescence microscopy analysis of the subcellular localization of CV
and MB in HeLa cells
We used epiﬂuorescence microscopy to characterize the subcel-
lular localization of MB and CV in HeLa cells. To this end, we compared
the emission arising from tissue cultures simultaneously incubated
in the presence of one of these photosensitizers and a standard
ﬂuorescent organelle marker. Rhodamine 123 was used as a standard
mitochondrial marker for energized cell mitochondria [31], Lyso-
Tracker as a lysosome marker, Bodipy TR-C5 as a Golgi complex
marker, and H33342 as a marker for the cell nucleus [32].
Fig. 4A shows the ﬂuorescence imaging analysis for CV. It can be
observed that the spatial distributions of the ﬂuorescence arising from
HeLa cells simultaneously incubated in the presence of R123 and CV
have close to perfect overlap. The respective colocalization analysis
indicates an overlap of over 99% between the R123 and the CV
ﬂuorescence images. This ﬁnding represents a demonstration of the
highly speciﬁc mitochondrial localization of CV in energized intracel-
lular cellmitochondria and conﬁrms previous inferences on the primaryE
BODYPY TR-
CV
MERGE
H33342
CV
MERGE
C D
ls. (A) Fluorescence microscopy images of HeLa cells simultaneously incubated with
rom R123 alone (green), ﬂuorescence arising from CV alone (red), and the merge of the
ﬂuorescence of R123 and CV overlaps. Analogous analyses (top, standard subcellular
andard probes for lysosomes ((B) LysoTracker, [CV]=500 nM, [LysoTracker]=100 nM;
4), [CV]=300 nM, [H3342]=300 nM).
831C.S. Oliveira et al. / Free Radical Biology & Medicine 51 (2011) 824–833site of action of this speciﬁc photosensitizer [16,18]. Accordingly, in
the images presented in Fig. 4 we do not observe any measurable
overlap between the ﬂuorescence emission of CV and those arising from
LysoTracker, Bodipy TR-C5, or H33342.
On the other hand, previous studies dealing with the subcellular
localization of MB have suggested that this photosensitizer localizes
primarily in the lysosomesof living cells [20,21]. Evidence formicrotubule
localization has also been previously reported [54]. However, these
experiments were carried out using relatively large MB concentrations
(5 to55 μM). To check themain site ofMB localizationunder conditionsof
low concentration, cells were incubated with 0.3 μM MB and with
LysoTracker (Fig. 5A). Surprisingly, there was no MB ﬂuorescence.
Difﬁculties with the experiments of MB localization in HeLa cells were
reported before [55] and again recently [56]. The likely explanation for
this phenomenon (Fig. 5A) is the MB reduction in the intracellular
medium, forming semireduced radical (one-electron reduction) and/or
leuko-MB (two electrons plus a proton reaction), which are nonﬂuor-
escent species [55–58]. In fact, studies in isotropic solution and in isolated
mitochondria demonstrate that MB is efﬁciently reduced by NADH and
NAD(P)H [57,58]. The reduction ofMB in the cellular environment avoids
the direct visualization of its ﬂuorescence at low concentration (Fig. 5)
and also explains the very low efﬁciency yield observed for MB at 1 μM
(Fig. 1D).
Considering that the lipophilic/hydrophilic character of MB is very
similar to that of the classical mitochondrial marker R123 (and otherLysoTracker
R123 R123300n
MB 
MB A
B
Fig. 5. Fluorescence microscopy analysis of the subcellular localization of MB in HeLa cells.
[LysoTracker]=100 nM, [MB]=300 nM. The red ﬂuorescence of MB is not observed in eithe
time in the presence of MB at two different concentrations: 300 nM and 20 μM.highly mitochondria-speciﬁc dyes [16,59]), the lack of MB accrual into
energized cell mitochondrial might represent a conﬂicting ﬁnding with
regard to predictions based solely on theoretical models dealing with
how lipophilic character affects the subcellular localization of cationic
agents [18,59,60]. The results presented in Fig. 5 indicate thatMB induces
efﬁcient depolarization of the inner mitochondrial membrane. Upon
exposure of R123-loaded HeLa cells to low MB concentrations (e.g.,
0.3 μM), R123 rapidly and entirely leaks from the mitochondria. That is,
after brief MB exposure only a fuzzy, vanishing ﬂuorescence is observed
throughout the entire cell, with no indication of any remaining speciﬁc
subcellular localization of R123. The mitochondrial (matrix) accumula-
tion of R123 has been previously demonstrated to be entirely controlled
by these mitochondrial transmembrane potentials. This effect is
probably also related to the direct redox reaction between MB with
reduced coenzymes [56–58]. At larger concentrations (e.g., 20 μM) the
ﬂuorescence of MB is clearly visualized (Fig. 6). It has a cytosolic
localization distribution with higher tendency to accumulate in
lysosomes. For all ﬂuorescent markers used, with the exception of
R123, no change in ﬂuorescence was observed upon MB addition.
Although molecules with molecular masses below approximately
10 kDa have free access to the mitochondrial intermembrane space
through the porins present in the mitochondrial outer membrane, only
cationic photosensitizers with appropriate molecular properties can be
subsequently and effectively transferred to the matrix via transmem-
brane-potential driven processes [18,59,60]. On the other hand, cationic +
M MB
R123
+20 μM MB 
MB 
MERGE300nM
(A) Photomicrographs of HeLa cells incubated with LysoTracker and MB and overlap;
r image. (B) Photomicrographs of HeLa cells incubated with R123 and after a period of
LYSOTRACKER MB 20 μM MERGE
LYSOTRACKERH33342 R123 MB 20 μMA
B
Fig. 6. CytolocalizationofMBat20 μM.(A)Photomicrographsof thecells incubatedwithR123,H33342, LysoTracker, andMB. [R123]=100 nM, [H33342]=300 nM, [LysoTracker]=100 nM.
(B) Photomicrographs of HeLa cells incubated with LysoTracker and MB and overlap.
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the mitochondrial electron transport (respiratory) chain [61]. When
they do, they induce the depolarization of the inner mitochondrial
membrane and consequently preclude their own accumulation into the
mitochondrial matrix via any mechanismmediated by transmembrane
potentials. In other words, any cationic photosensitizer capable of
inducing the rapid depolarization of the innermitochondrialmembrane
would largely preclude its own accumulation into the mitochondrial
matrix. This seems to be the case forMB. AlthoughMB is similar to R123
in terms of molecular structure and lipophilic character, the former,
when localized in mitochondria, induces a quick depolarization of the
inner mitochondrial transmembrane potential, avoiding its accumula-
tion. The latter localizes and accumulates in energized cellmitochondria
with absolute speciﬁcity.
Therefore, the explanation for the better performance of CV
compared to MB seems to be basically a question of cytolocalization.
In the case of CV many fewer ROS are generated, yet they are more
speciﬁcally localized in mitochondria, suggesting that the action
mechanism of CV may involve a direct reaction between the triplet
species of CV with the mitochondrial components. In fact, it has been
previously demonstrated that triarylmethanes can engage in direct
electron transfer reactions causing damage in proteins andDNA [24,46].
The short singlet oxygen lifetime measured when it is generated by
intracellular CV is probably due to its mitochondrial localization and
suggests that singlet oxygen may be quickly suppressed by reducing
species present in this location (e.g., NAD(P)H) [51–53,62,63] and
engage in reactions with lipids, proteins, and DNA, facilitating the
induction of apoptosis [64]. Further experiments have to be performed
to elucidate the actual chemical processes happening in mitochondria
under these conditions. However, our results indicate that targeting
mitochondria is clearly a more efﬁcient strategy to induce cell death
than generating large amounts of ROS without subcellular speciﬁcity
[65].Concluding remarks
In this report we have compared the phototoxic properties of
methylene blue and crystal violet toward a human cervical adenocarci-
noma cell line (HeLa). The somewhat surprising magnitude of
photoinduced cell death observed in the case of CV, which generates
many fewer reactive species compared to MB, was satisfactorily
explained on the basis of the respective subcellular localization of these
dyes. Our results prove the hypothesis that a more efﬁcient strategy to
search for new-generation photosensitizers would be to look for
photosensitizers that localize in mitochondria with a high degree of
speciﬁcity, rather than developing drugs that provide nonspeciﬁc ROS
generation. At the same token, the search for new protective drugs to
prevent the deleterious effects of oxidative stress may beneﬁt from
approaches designed to protect mitochondria [66], rather than trying to
scavenge all ROS nonspeciﬁcally.
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